Bacillus cereus EntFM displays an NlpC/P60 domain, characteristic of cell wall peptidases. The protein is involved in bacterial shape, motility, adhesion to epithelial cells, biofilm formation, vacuolization of macrophages, and virulence. These data provide new information on this, so far, poorly studied toxin and suggest that this protein is a cell wall peptidase, which we propose to rename CwpFM.
Bacillus cereus is a Gram-positive spore-forming bacterium responsible for two types of food-associated toxi-infections: an emetic and a diarrheal syndrome (44) . Rare but severe opportunistic infections have been attributed to B. cereus (4, 12, 34) . The pleiotropic regulator PlcR controls the expression of several B. cereus secreted factors, such as the nonhemolytic enterotoxin (Nhe), the hemolysin BL (Hbl), and the cytotoxin K (CytK) (1, 19) . Some of these factors are prevalent in diarrheal strains (21) and might play a role during B. cereus gastroenteritis and opportunistic infections, although no direct link has been demonstrated. Deletion of plcR reduces, but does not abolish, the virulence of the bacterium in various infection models (11, 41) , suggesting that other factors are required for pathogenicity. It has consistently been shown that flagella are involved in virulence-related properties (32, 49) : they confer motility, adhesion to epithelial cells, and virulence (9, 18, 39) . Other PlcR-independent factors, like InhA1 (20, 40) , HlyII (3; S. Tran, E. Guillemet, C. Clybouw, A. Moris, M. Gohar, D. Lereclus, and N. Ramarao, submitted for publication), and IlsA (14) , have been shown to play a role in B. cereus pathogenicity. Additionally, a protein, first isolated from the B. cereus FM1 strain, was named enterotoxin FM (EntFM) because it was suspected to cause at high doses fluid accumulation in rabbit and mouse ligated intestinal loop tests (5, 8, 42) . However, very few studies have been performed on this protein, and its specific role during B. cereus virulence has not been reported. The entFM gene is located on the chromosome and appears to be common to Bacillus thuringiensis and B. cereus strains. Prevalence studies revealed that entFM is detected in most outbreak-associated strains (25, 36) .
To induce a potent infection, B. cereus has to colonize and persist in the host gut. Previous studies have shown that B. cereus adheres to epithelial cells (2, 35, 39) and forms biofilms at both solid-liquid and liquid-air interfaces (26, 48) . A biofilm is a multicellular bacterial community composed of microorganisms attached to a surface and embedded in an exopolymeric matrix. Bacteria inside the biofilm are protected from the host immune system and are less susceptible to antimicrobial agents (37) , thus explaining why chronic infections involving biofilms are so difficult to treat (13, 22) .
In this study, we show that the B. cereus EntFM is related to cell wall peptidases (Cwps), and we therefore propose to rename this protein CwpFM. CwpFM is involved in bacterial motility and shape, in B. cereus adhesion to epithelial cells, and in biofilm formation. Moreover, CwpFM induces vacuolization of macrophages. All these phenotypic traits might explain the role of CwpFM during virulence in our insect model. (Fig. 1A) . This domain organization is very similar to that of Bacillus subtilis CwlE (lytF) (Fig. 1A) , a cell wall peptidase responsible for the normal rod-shaped morphology of the bacterium and deletion of which results in a long filamentlike phenotype (17, 33) . The NlpC/P60 proteins define a family of cell wall peptidases that can modify the cell wall (46) . Many of theses proteins display, in addition to their catalytic site, a domain necessary for the interaction with peptides, carbohydrates, and lipids of the cell wall, such as SH3, LysM, and the peptidoglycan binding domain. Bacterial cell wall peptidases are involved in various processes, such as peptidoglycan modification during growth, cell wall turnover, separation of daughter cells during cell division, motility, bacterial adhesion and invasiveness, and biofilm formation, and therefore contribute directly to bacterial pathogenicity (10, 23, 28, 38, 43, 45, 47) . EntFM was first named an enterotoxin, but BLAST and secondary structure analyses revealed similarity to cell wall peptidases of the NlpC/P60 family. For these reasons, and the hereby-described phenotypes, we propose to rename this protein CwpFM.
Six other potential cell wall endopeptidases exist in the genome of several B. cereus sequenced strains (27) . They, however, belong to the M23/M37 family and show no significant homologies with CwpFM. To elucidate the biological function of CwpFM and its potential role in bacterial shape, motility, adhesion, biofilm formation, and virulence, a cwpFM-deficient B. cereus strain was constructed and a recombinant B. cereus CwpFM protein was produced.
Phenotypical analysis. The B. thuringiensis 407 Cry Ϫ strain was used as a model for B. cereus. This sequenced strain (http: //www.ncbi.nlm.nih.gov/nuccore/NZ_ACMZ00000000) was originally described as a B. thuringiensis strain, but cured of its plasmid it is acrystalliferous and shows high phylogenic similarity with the B. cereus reference strain ATCC 14579 (29) . The cwpFM gene was disrupted in the B. thuringiensis 407 strain through simple homologous recombination by using a 231-bp internal region of the cwpFM gene generated from the B. thuringiensis 407 chromosome by PCR using the primer pair cwpFM-1 (5Ј-CCCAAGCT TGACTTCGTAACCACTGGTGGC-3Ј) and cwpFM-2 (5Ј-CG CGGATCCGCTTACGTATCCAGTTCCACC-3Ј). This DNA fragment was inserted into the thermosensitive vector pRN5101, and the resulting plasmid was introduced into B. thuringiensis 407 by electroporation as described previously (30, 39) . The cwpFM mutant stability as measured by replica plating was 100% over 30 generations. The cwpFM mutant strain growth curve was indistinguishable from that of the wild-type strain in LB medium (data not shown). However, morphological observation by light microscopy (Fig. 1B) showed that bacteria of the cwpFM mutant strain were shorter and larger than the wild-type strain and displayed a "peanut shape" throughout bacterial growth. Moreover, the mutant bacteria seemed to agglutinate and to form filaments, suggesting a modification of surface properties and a deficiency in septum separation.
To analyze if the deletion of the cwpFM gene affected bacterial motility, the wild-type strain, the cwpFM mutant, and the complemented strain, cwpFM/pHT⍀cwpFM, obtained by insertion in the cwpFM mutant of the pHT304-Kan plasmid carrying the functional cwpFM gene of the B. thuringiensis 407 strain (sequenced verified), were spotted onto 0.3% agar plates. Motility was analyzed after 24 h of growth at 37°C (Fig.  1C) . For the cwpFM mutant, capacity to spread was affected as the diameter of the migration zone decreased by about 73.5% (Ϯ0.9%) compared to the wild-type strain. In contrast, the complemented strain was as motile as the wild-type strain. Adhesion of bacteria to eukaryotic cells is often the first key event during infection of susceptible hosts. To determine whether CwpFM contributes to adhesion to epithelial cells, the wild-type and cwpFM mutant strains were investigated for their abilities to adhere to epithelial HeLa cells. Adhesion was recorded as the ratio between adherent bacteria and total inoculated bacteria as previously described (7). Adhesion of the cwpFM mutant was reduced 10-fold compared to the wild-type strain (P Ͻ 0.012) (Fig. 1D) .
To determine whether CwpFM is involved in biofilm formation, the wild-type and mutant strains were grown in polyvinylchloride (PVC) microtiter plates for 48 h at 30°C as described in reference 6. The results (Fig. 1E) were incubated with the culture supernatant of B. thuringiensis 407, the cwpFM mutant, or B. subtilis, or with purified GST-CwpFM (1 g/ml). Control cells were either noninfected (NI) or incubated with purified GST (1 g/ml). After 2 h of incubation, cell mortality was evaluated by trypan blue dye exclusion. (C) CwpFM induces vacuolization of macrophages. Macrophages (10 6 cells/well) were incubated with 1 g/ml of purified GST-CwpFM or GST. After treatment, cells were fixed with 4% paraformaldehyde for 25 min at 4°C. Cell morphology was observed under a phase-contrast microscope (100ϫ objective; Leica) (top panels). Arrows indicate cell vacuoles. Alternatively, cells were stained using the DeadEnd fluorometric TUNEL kit and observed under a fluorescence microscope (bottom panels). All cells are labeled in red, and potential apoptotic cells are stained green. Images are representative of at least three independent experiments. (D) CwpFM virulence against G. mellonella larvae. Various concentrations of wild-type and cwpFM strains were inoculated into the hemocoel of three groups of 20 G. mellonella larvae. Mortality was recorded after 24 h at 37°C, and the LD 50 was determined using the probit method.
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9 ϫ 10 Ϫ6 ). The complementation of the cwpFM mutant by a functional cwpFM gene partially restored its ability to form biofilm. CwpFM is involved in adhesion and motility, and this might be linked to its role during biofilm formation (24, 48) .
EntFM induces vacuolization of macrophages. It has been previously reported that B. cereus induces cytotoxicity against various eukaryotic cells, such as epithelial cells or macrophages (31, (39) (40) (41) ; Tran et al., submitted for publication). The B. cereus cytotoxic effect toward epithelial cells is PlcR dependent (39) . However, a plcR-deficient strain induced strong vacuolization in insect hemocytes (41) . This implies that PlcR-independent factors are also responsible for cytotoxicity toward immune cells. A putative role of CwpFM, regulation of which is independent of PlcR (19), in cytotoxicity was assessed by incubating purified CwpFM with epithelial HeLa cells ( Fig.  2A) and with J774 macrophage cells (Fig. 2B) . Cell viability was assessed by the trypan blue dye exclusion method as previously described, and cytotoxicity was determined as the percentage of cells that were permeable to the blue dye, compared to all cells (39) . Purified CwpFM protein was obtained as a recombinant glutathione S-transferase (GST)-CwpFM protein produced in Escherichia coli strain M15(pREP4) (Qiagen) harboring the plasmid pGEX6P1-GST-CwpFM by using a bulk GST purification module (GE Healthcare) according to the manufacturer's instructions. After 2 h, purified CwpFM induced no toxicity on HeLa or J774 cells. Moreover, the cwpFM mutant was as cytotoxic (100%) as the wild-type strain (100%), showing that CwpFM is not involved in B. cereus toxicity toward either epithelial cells or macrophages. However, cell morphology observation by light microscopy showed that CwpFM induced lengthening and strong vacuolization of macrophages (Fig. 2C, top right panel) . No vacuolization was observed when cells were incubated with GST alone (top left panel) or with untreated cells (data not shown). Despite CwpFM-induced vacuolization of macrophages, we did not observe macrophage death, either by necrosis (trypan blue staining [ Fig. 2B ]) or by apoptosis (Fig. 2C, bottom panel) . For determination of apoptosis, cells were stained using the DeadEnd fluorometric terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) system as directed by the manufacturer (Promega) and observed under a fluorescence microscope with filters at 633 nm and 488 nm (red, all cells; green, apoptotic cells).
CwpFM is involved in virulence. To determine whether CwpFM contributes to B. cereus virulence, we tested the ability of the wild-type strain and the cwpFM mutant to kill larvae of the insect model Galleria mellonella. Groups of 20 G. mellonella larvae were infected by injection of different doses of bacterial cultures (6.5 ϫ 10 2 to 10 4 CFU/larva) into the hemocoel as described previously (15, 20) . Mortality was assessed after 24 h of incubation. The 50% lethal dose (LD 50 ) was calculated using probit analysis (16) (Fig. 2D) . Results showed that bacterial virulence in insects was strongly reduced in the cwpFM mutant (LD 50 , 69,000 CFU/larva, as estimated by the probit software) compared to the wild-type strain (LD 50 , 1,600 CFU/larva), revealing a clear role of CwpFM in B. cereus virulence.
Altogether, these findings suggest that CwpFM might be a cell wall peptidase involved in the bacterial cell wall dynamic that could explain the mutant bacterial shape and its impairments in motility, adhesion to eukaryotic cells, and biofilm formation. These different effects of CwpFM could explain its involvement in bacterial virulence in the insect model and indicate that CwpFM has properties which may facilitate the infectious process at multiple steps.
